THE EFFECT OF THE MAGNETIZINGINDUGTANCE ON THE
SMALL-SIGNAL D YNAMICS OF THE ISOLATED CUK CON VERTER

Vatche Vorpérian
Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California 91109

Abstracl
The magnelizing inductance of the isolated Cuk converier inlroduces an undesivable pavr of closcly
spaced compler zeros and poles, or a glitch, tn the control-to-oulput transfer function. Linled analysis
and crperimentation in the past have shoun that sufficicnt increasc in the magnetizing induclance
stignificantly reduces the gliteh. In this work, the 1solated Cuk converter with coupled imput and output
mductors has been studied and the dependence of the glhitch on various circuil parameters has been
determined analytically. A condition has been derived for the ratio of the capactlances of the two
energy transfer capacttors which completely climinates the glitch at a given operaling pownd, With this
condilion salisfied, 1l is shown thal the energy lransfer capacilors can be easily damped by a sunple RC

nelwork lo eliminale the glitch for a range of operaiion about an operating point.
INTRODUCTION

Thie advent of power MOSFE'Ys and magnetic materials has led to improvements in the efficiency and
power density of PWM couverters. For instance, it has been demonstrated that a 5V, 20A output
isolated Cuk converter, switching at 100kHz, has an efficiency greater than 90% and a power density of
5 0W/in3. Other PWM converters have demonstrated high efficiencies as reported in []]. Although the
dynamics of the non-isolated basic Cuk converter have been analyzed in detail [2], some problemns
associated with its isolated andcoupled-inductor variations have riot, been addressed thoroughly.Ithas
long been known that the magnetiziug inductance of the isolation transforimer inthe Cuk converter
introduces an undesirable glitch inthe control-to-output transfer function which up until now has
received limited attention and analysis [4] aund [5]. The purpose of this paper is to provide a detailed

analyticalstudy of this effect and provide asimple remedy.

Since the isolated Cuk converter with coupledinductors is a sixtli-order systemn,the easiest way
to analyzeit is to use tile model of the PWMswitch as describedin [6], [7] and (8] The model of the
PWM switch also hasthe added advantage that it allows for the converter model to be casily

implementedon a circuit, sitnulation programs such as Pspice [9].



THE CONTROL-TC -QOUTPUT TRANSFER ¥ NCTION

The isolated Cuk converter with its input and output inductors coupled is shown in ig. la. All the
clements are reflected to the primary side as shown in Fig. 1h and the PWM switch is identified and

shown explicitly in Fig. le. For the reflected elements we have:
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The coupling coefficient &, is the same in he reflected and the original circuit. The coupled inductors

are replaced with their equivalent circuit imodel in which

Ly= Ly(1-&* (2a)
IAVERN N & (2h)
e 4 {Ly/1 (2¢)

Since continuous conduction is the dominant mode of operation, the converter will be analyzed in
continuous conduction mode (CCM). (If synchronous rectification is used, then CCM is the only mode
of operation.) As explained in [6], the only step required to arrive from the original converter circuit to
its small-signal equivalent circuit is to replace the PWM switch with its equivalent circuit model in
CCM as shown in Fig. 2. With a small-signal equivalent circuit model of the power converter, one can
performy design-oriented analysis and obtain low-entropy expressions [3]. As usual, the quiescent, or the

de operating point is deterinined first as shown in Fig. 3a in which all the reactive elements and the

perturbation sources are set to zero. A dc analysis of the circuit in Pig. 3a yields:
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(If all the parasitic elements are included as shown in ig 3b, a dc analysis of .he conversion ratio

yield
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inwhich 5 is the average conversion efficiency given by

where
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re T hquivalent series resistance of ()
1
7'(,2 = Equivalent resistance of (/' reflected to primary
T & Resistance of primary winding
P = Resistance of secondary winding reflected to primary

7, £ On-Resistance of the active MOSIFET switch
74 2 On- Resistance of the passive MOSEFE'T switch (synchronous rectitier)

reflected to the primmary

In carrying out the small-signal analysis, the parasitic elements will be iguored at first but will be
included later to determine their effect 011 the high-@ glitch. The corrections onthe dc operating point
of the PWM sw itch in the presence of paras itic clements are given in detail in [ 6] and have no

sig nificant effect on the small-signal characteristics.)

The control-to-output transfer function is given by
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in which ecach of K4 N(s) and D(s) will be determined separately. The derivative of the output

voltage with respecttothe duty ratio gives K4
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The numerator n(s) is determined by studying the null condition in ?12(5) = O shown in Fig. 4a which

reduces the circuit to the one in Fig. 4b. By application of an extension of the extra-clcltlic[lt theorem
[10] and{11] to N extra elements, the numerator is determined to be given by
n= 4

N(s) =14 };] a,s" (6)
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sing the same theorem, the denominator D(s is detertined from the circuit in Fig. 5 in which all he

excitation sources are set to zero. The denominator and its coefficients are given by:
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The component values used for the evaluation of this control-to-output transfer function are
taken from a practical converter design example given in [5] and listed here in Table 1. The magnitude
response i s shown in Fig. 6 in which the high-Q resonant glitch occurs at f = 670Hz. It was
ackniowledged in [5] that it was rattier hard to darnp this resonance by damping the energy transfer
capacitors and the only remedy proposed was to increase the magnetizing inductance. In the sequel,
using certain approximations, the control-to-output transfer function obtained in this section will he
factored analytically in order to isolate the complex poles and zeros of the glitch from the rest of the
transfer function. From the analytical expression obtained, a condition will be derived for ( he
climination of the glitch at a particular operating point by pla cemnent of its complex poles andzeros o011
top of eachother. The contribution of the parasitic elements will be accounted for analyticallyin order
to obtain arealist ic estimate of the high Q of the complex poles and zeros of the glitch. Finally, it will
be shown that a small amount of  parallel damping applied to the energy  transfer capacitor of | the

input side will completely eliminate the glitch fromn a wide range of operation,
DETERMINATION OF THE GLI'TCH ANI) A CONDITION FOR 1'1'S REMOVAL
1 he position of the complex poles of the glitch
Apart from introducing the high-Q resonant glitch, the inagnetizing inductance I, has little effect 011

the rest of the shape of the control-to-output transfer function. Therefore, the dominant fourth-order

behavior of the denominator is determined first by taking the limit L, -» ooin (i y(s)as follows
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For a properly designed converter operating inn ( (Ck’l, the low and high frequency quadratic components

arc well separated, so that ) __(s)factors approximately as follows:
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At this pointonly w; and @, are ot interest to us because the high frequency quadratic will be

determined later again. N (s), wyy and QY are given for completeness, because these factors, to the

best of the author’s knowledge, have not been derived before for the nonisolated Cuk converter with
coupled inductors. (Note that inthelimit I, = the energy transfer capacitors, (jand Cy becore

connected in series and act as a single energy transfer capacitor with an equivalent value C'y || ¢/, in the




nonisolated Cuk converter. A | s o, note that in the limit k=1 the high frequency corner nioves to

in finity, wj;—20, and the order of the systenns reduced by two, i.e., D_(s)becornes a second-order

polynomial.)

Two cases of the relative position of the gliteh with respect to the high-frequency corner, wy,
will be considered. ‘The case in which the gliteh occurs above the high-frequency corner is not as
practical and will be discussed later in the Appendix. In the more practical case, the glitch occurs below

the high frequency corner
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so that D(s) caribe factored approximately into two quadratic fact ors corresponding 1¢ 1 the low-

frequency and the glitch components respectively

Ds) = (14 8/Quop, 4 (s/21)?) (198/Quuq4(s/w)?) i wi <y, (23)

It is important to realize that no assumption has been made in (23) about the relative position of wy

.
'

with respecttow;. Interms of the coefficients b, J(s) can be written as
D(s) > 11 bys - bys? 4 bys® 4 byst (24)
Expansion of (23) and comparison with (24) yield
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Thie approximation in the last step in Iiq. (2b) is valid because the position of the resonances arc
hardly effected by the danping factors in a relatively high-Q) system. Substitution for w; arid b, inlq.

(25) yields
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Although at this point Q; can be deterinined by comparing the cubic terms in Eqgs. (24) and (23), the
result would not be of any pract ical value because the parasitic resistances of ') ,(’, and L have a
nuch stronger effect on Qe In the next section, Qg will be determined in terms of these parasitic

resistances.



The complex zeros of the glitch

For a properly designed converter the nunierator can be factored into two well separated quadratics

N(s): (] - s/ngg—i (s/wg)z)(] 4 .@/Q’I;wh—{ (s/wh)'z) (:
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Ixpansion of Fq. (27) and comparison with the cocfficients a; in Bgs. (7a-d) yield

1 ] .

a, - - 4 - , (28a)
Py @,
2

1, | I “’g) “g ! o

Uy = =4 54— -, FR 1+ (— - - . ~ s (.)?\l))
2 ‘Ufi u)i wg‘wh(J’I(J{] u;f’ ( u')’t u‘)hQIh(‘f)g wf/

11 Yo\ o1 1 -

y = =%, - P B S g / 28¢
3 w; u’/‘Qh( “h Qg wé wQ), ( )
ag= -5 (28d)

Wy Wy

No approximation is possible in I’q. (28a) hecause Q, >> @), and w; >> w, and botl 1 terms are

comparable. The frequency of the complex zero corresponding to the glitch is obtained from bq. (28h)
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In  the next section, Qg will be determnined in the presence of parasitic elements in order to obtain a
more realistic value for it. The high frequency quadratic and its damping are obtained from bgs. (28d)

and (2 8c) respectively
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I the next section @, will be determined in the presence of parasitic elements.
Condition for the removal of the glitch

It is apparent for Fig. 6 that the @-factors of the complex zeros andpoles of the glitch are high and
cotparable. Therefore, it may be possible 10 eliminate the glitch by placing its zeros and poles on top

of cach other. This requires that

‘JJ” = .U('. (31)

which gives
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T'wo important special cases of this condition are given by a = 1 and a = 0 which correspond to the

cases of zero-ripple coupling and no coupling at all respectively

_(772' { 1)’/1) a =1 zero-rihhle coupling (33)

C, ly/n*-1 a=10 no coupling

Note that wheuthe first of the two conditionsinkq. (33) is satisfied W, we 1/\[1/7”((', 4 (). For
the converter exatuple given in the previous section, the input and output inductors are coupled for
zero ripple current in the outputfilter so that o = 1. Hence, according to kEq. (33), we choose the val ue

of (', such that

Cy D_ 7

C,TDT s =y Oy =TT or Oy = 14.7pl

This requires that (', bereduced from 664k to 14,7y 1 which hardly effects tile mainperforinance of
the converter since the two energy transfer capacitors “arc inseries so that the sinallest of the two
dominates their combined effect. (Ior this converter, i f e choose C, = 66uF, then we have
Cy{l Cy = 3311 851 = 3uF which is not that much different than Cy 1l C2 = .23k for a better choice
of (/,,=14.7¢ F.) The control-to- output transfer with this condition satisfied is showninFig. 7 in

which the glitch has entirely disappeared.

For values of 12 outside the one chosen for thie cancellation condition, the glitch reappears. For
example, if the converter is designed to operate from a nominal input voltage of 270V with #4 20%
variation, then the doty ratio would have to vary inthe range 268 < 1) < 342, In this case the glitch

reappears as shown in Fig, 8a but the separation between the poles and zeros is much smaller than if



the cancellation condition is not satisfied as shown in Fig. 8b. In Fig. 8a the maximum separation is
291z with considerable peaking while in Fig. 8b the maxiimun separation i s 81z with much less
peaking. Hence, with the cancellation condition satisfied, it should be niuch easier to damp out the

cnergy tranisfer capacitors as will be shown later.

Itcan aiso be seen form bFgs. {(26) and (29) that if L, is made larger, the poles and zeros of the

L
gliteh become more closely spaced. This fact was recogniz edin [5] by experitnenting with larger values
of L,, until the gliteh becamne unnoticeable. For the pract ical converter example, it was found in [ 5]
that increasing L, from 15ml to 60mH was adequate for eliminating the glitch. A four times increase
in the magnetizing inductance, however, required a redesign of the isolation transformer 1o

accornmodate twice the number of turns.
THE EFFECT OF PARASITIC ELEME NTS ON THE GLI'TCH

Inorder to give acomplete analytical description of the glitch, expressions are derived for the damping

of its high-(} poles and zeros.
7he damping of the poles of the gdlitch

The presence of the dominant term L, (C'; 4 C,) in the expressions for the frequencies of the pole and
zero of the glitch suggests that the quadratic factor of the glitchin the denominator is given by the

parallel combination of L, , Cyand ¢, as shown inFig. 9. When the parasitic elemments are included,

the denominator of this system is of third order and is given by

D(s)= 1 48(Cyry4 Cory) 4 $2(Cyryt (o772 1’7:1((,'1 4 Cy))
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in which 7., and »r,, arethe primary and secondary resistance of the isolation transformer

respectively. Since, the parasitic resist ances are small, the system must essentially exhibit a high-@
sccolld-order resonance a I/Jl/m((;"] +(’,) so that 1)(s)canbe factored to anexcellentapproximation

as




Di(sy> (1 + s/w,Qq; - (s/w,)*)(14s/s,) (36)

By expanding Fq. (36) and comparing coefficients of powers of s in Eq. (34) we find

N I N S T e 37a
w, (e ! P L (372)
1 ; P P
L1y (371)
[
] v L .
) CLC L, (ot 7)) (37¢)
Wi,

A simiple substitution of Egs. (37¢) and (37b) in (3 7a) vields
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in which instead of w_, the more accurate value of we; is used. Q; can also be expressed as

Qc= Q1 @210, (39)
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7he damping of the zeros of the glitch

Determination of the damping of the zeros of the glitch is considerably more difficult and requires the
redetermination of the coefficients ayand ag in the presence of the parasitic elements. These coefficients
are given by

L,
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There is no need to redetermine the coefficients a, and a, because these correspond to the resonant
frequencies which are hardly effected by the parasitic elements. Equations (41) and (4'2) canbe readily
simplified as
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According to Eq. (28a), (28b) and (28¢) we have
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In this equation, wh en the first WO termns of ag, givenin Eq. (44), are divided by 922 we approximate
ay by o, L, (Cy4 Cy), but when the last term of a, is divided by a, we use the following slightly
better approximation
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Thie reason for this is that the terms ina, and aq which depend entirely on the load J¢ will not caricel

out. Substituting Eqs. (43) and (44) in (45) andmaking use of the approximations of a; we get

Qy= 1 lay e llage (47)
in which
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This completes the determination of the frequency response of the gliteh.

The Q-factor, ), of N, (s), given earlier inkqg. (30b), will now be redetermined in the

presence of the parasitic clements

O’
(Jh = - Jh 5 . LT (49)
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7he complete control- to-output transfer function
The control-to-output transfer function can now be written as
N, (s N (s)
G yls) = Ni(s) 9 (50)

Ka Dy (s)D)(8) De(s)

in which the glitcht in the frequency response is given by the complex pair of poles and zcros given by
Ng(s) =14 s/ngg-{ (s/wg)2 (51a)
De(s)=1 -t s/Quuwe -f (s/we)? (51b)

in which w, Wy Q¢ and @y are given bylgs. (26),(29), (38) and (47) respectively. The remaining

parts of the transfer function arc
N/i(s) =14 8/Quey, -1 (s/wy, )’ (52)
Dy(s) = 14 s/Quuw; 4 (s/wp)? (53)

Dy(s)= 14 s/Quwy 4 (s/wy)? (54)



in which w;, @, w, and @, were determined carlier in Fgs. (17a), (17h), (30a) and (49) respectively.
Next, we will determine wy; and @, which are the iinproved approximations to wiyy and Q7 given

earlier inligs.(18a)and (18b) respectively. Since (w; wywe - 1 /b we have
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When the conditions for theremoval of the glitch and zero-ripple coupling (Fq. (33)) arc satisfied, then

Cy oy , ] i D24 (D' DY J(n - 1) .
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whichisind ep endent of L, . Asthe duty ratio varies about the value satisfying the removal condition,

wyy acquires a small dependence on the magnetizing inductance 1,

Since the pritnary focus of this section is the glitch, the dependence of (7, 011 the parasitic
eletments will not be determined. A somewhat improved approximation for @, however, can be

obtained as follows:

b
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If the removal and zero-ripple coupling conditions are satisfied, then @, is given by

- 2D r G
=1 and - 5D = Qo Q- ol ;;',2

The approximate and exact transfer functions for the practical converter discussed earlier are
compared inFigs. 10 and 11 for 1) = .342. InVig.10 al the circuit components arc thesame as those

in Table 1 except that the energy transfer capacitor (', has been chosen to be 7, = 14.7pl




(') = T7pl) to satisfy the removal cond” ion at D= 3. Also, the following parasitic components have
been added:

rs .00 50 ryo= 010

1

I order to verify the validity of Qg and Q, derived in Bgs. (38) and (47 | the region in the vicinity of
he gliteh is expanded in Fig. 11. It can be seen from both figures hat  he agreetnent be ween the
approximate and exact transfer functions is very good. Since we have not accounted for the
dependence of () on he parasitic elernents, there is a discrepancy in the peaking at wy; hetween the
approximate and the circuit models. The frequencies and the Q-factors of the poles and zeros of the

gliteh for _his example were computed to be

\,c = 1245z Cu = 204 {h9a)
S = 12520 Qe = 400 {H9h)
RV\. = \.yQ .\.9 g 1\:& A.vb.Cﬂv

It is hinportant to see that although the Q-factors of the glitch are high, the maguitude of the transfer
function at the peaks is only 10 to 13 decibels away from the smooth curve. Of course the reason for

this is hat w, and we; are closely spaced. Hence, he glitch can be nearly eliminated if the Q-factors

are reduced by a factor of 0 which can be easily accomplished by lightly damping the energy transfer

capacitor (' as will be shown in the next section. The amount by which he magnitude of the transfer

function peaks at w,_ and w,, can be easily determined by evaluating the magnitude of 2&3\:13 at

g

w, and w, as follows
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For this example we have

M, = 9.3 4B Mg s 13.6 dB

which is in agreement with the resultin Fig. 11. T hese results are summarized in Fig. 12 and Table 2.

In Figs. 13 a and 13b the validity of the analyt ical transfer funct ion obtained in Fq. (49) is
tested for casesinwhichthe glitch occurs either near the high-frequency corner, wy;, or near the low-
frequency corner, wy. InPig. 13a, allthe circuit parameters were kept the same as inllig. 11 except
that the magnetizing inductance was reduced to L, = ImH in order to push the glitch near the vicinity
of wy. It i's worthwhile to note in this figure that the zero of the glitch is very well dainped in
cotuparison to Fig. 10. The reason for this is that Q, in iq. (47) becomes smaller because 4, and ¢, in
Iigs. (48¢) and (4 8d) decrease with decreasing L, . In Fig. 13b the glitch was p ushed below the low-
frequency corner by increasing the magnetizing inductance to I,z 10011111" find the duty cyele to

1= 4. In addition, the values of the following components were modified

rys 10 g m 20
Cy = 26T (O, = 50pu})
C, = 1085k (€, = 200p))

o

A's caube seen, the analytical approximations are in good agreement with the circuit niodel except for

the peaking at wy, as explained earlier.

ELIMINATION 011" THE GLITCRBY DAMPING THE ENERGY TRANSFER CAPACITOR

I f the energy transfer capacitor 'y is damped by an RC network as shownin lig. 14a, then the
parallel resonance in Fig. 9 discussed ecarlier would reduce to the one in Fig. 14b in which 7, and »,
have beenignored because most of the damping Will now be due t0 7 4. Since we only intend 10 decrease
the @Q-factor fromn a few hundred down to the teens, the resonant frequency remains hardly changed.

‘This implies that if the time constant 74(/ is chosen such thatr 'y < 1 Jw (w, = w,~we), then the

-factor is given by
,
Qd:\fa} ;i/ H LUO = u)g:\-’w(; (63)
m

For the practical converter discussed here, let us choose Q42 11 and 1 /v ,C >~ w, /3. Withw, ~ 1245

and 1, = 15mHthe following values are obtained for r jand ("4



rg = 1300 (g dul (64)

The control-to-output transfer function, with (') da mped with the values of r, anid ¢y in big. (64), is
show nin Iig. 15for 1) ::.258, 3, and .342. All the cotnponent values, including parasitic resistances,
arc the same as in the case of Fig.10. As can be seen, the gliteh has al nmost disappeared from the entire

range. Hence, with (!} damped, the control-to-out put t ransfer function in Eq. (19) reduces 10

Ny(s)

(1'(1(.8') - ]\'(1 'l)]'(s)l)“(s) (()r))

because the cornplex poles and zeros of the glitch essentially cancel out. The damping resistor rj has
alimost 110 cffect 011 thelow -frequency quadratic so thatl); (s), w], and @, are still given by Fgs. (53),
(17a) and (17b)respectively. The damping resistor 1, also hasno effect onthe high-frequency corner so
that wy, is still given by Eq. (55). The Q-factor, Q;; in D, (s), however, is highly cffected by ry and is
110 longer given by Eq. (567a) or (57h). i order to determine Qy; in the presence of 74, we need only

redcterinine the coefficient by which according to the N-Extra Element Theoremn [1 1] is given by

TR Cont]_ Co it
bﬁd SR ]’0('1]’111));2 {1 - -'7’1 7’.(1 E [15 14 -(,'] 7.({' (66)

{(ln arriving at this expression, C'; is assutied to be practically a short circuit andthatr, is in parallel

with (7)), Now, accord ing to kq. (57a), the dar nped Q- factor canibe expressedin tertus of (0 as

@y
Qira~ ,' (67)
Hd y ¢, T
¢y Td
inwhich qis giveninFq. (57a) or (57b). The high frequency quadratic is now given by
D}.(S) = L+ 8/Qpqwy+(s/wy)? (63)

inwhich, as mentioned earlier, wy; is still givenby kiq. (55).

The damped control- to-output transfer function in Eq. (65) is compared with that of the
circuit model for D= ,342 inkig. 16. The agrecment between the analytical approximation and that 0f

the actual circuit miodel is seen to be very good.



JONCLUSIONS

A detailed analysis of the isolated Cuk converter has shown that a very good mecthod to eliminate the
glitch in the control-to-output transfer function is to choose the ratio of the capacitances of the two
energy capacitors according to the condition derived in Eq. (32) and to lightly damp one of the two
capacitors. Using this method, the isolation transformer can be designed without the additional

constraint of having to have a large (or very small) magnetizing inductance.
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APPEN)IX

Figure 17 shows control-to-output transfer function when the magnetizing inductance is reduced to

L, = .1ml and the following values are used

D= 42, Cy= 2200k (Cy, = 43uF), €] = 2508 (C'y, = 47pb)

E 1s

I'he remaining values, including the parasitic elements, are the saine as before. For this converter, such

a small value of L, is not practical at all because the high input voltage wil cause large swings in the

flux density in a core of reasonable size. Hence, this example will be used only for purposes of

nutncrical illustrations and not as a practical design.

In Fig. .7, the peaking in the high-frequency response is due to the two pairs of complex poles

wy and wq while the notch due to the zero of the glitch is well damped as in Fig. 3a. The

approximate expressions derived carlier in general will not hold because those expressions were derived

under the assumption that we <wy and not wy > wyy. Since we now have w; <wj; < we,, is

possible to factor the denominator approximately as

b. b, . b b
D(s)~ D (s 14 2s4 262 [ 14 ;254 ;52 (a.1)

and find



b. by . .
Dy(s)= 1+ ?)is %'E;s"' =1+ s/Qpwy (s/w”)z (a.2)
b b . .
De(s) = 1403 54357 = 14 8/Quwg 4 (s/wg)? (a.3)
‘4 4
It follows from these equations that
b. b.
N ) Ny
e J’*a R ()
Wy = [f—' () PP bfl— (él r))
“7 \bg YT b '

A though the preceding development is acceptable, a somewhat more interest ng approach will

be given next.

It was shown eartier inEq. (18a) that the high-frequency corner in the limit L, = is given by

, Ly Lo p? .
“n Jﬁzl,a(;ﬂ 10, T, @)

Next, thehigh-frequency corner n the imit L, =0 is obtained from b; in kgs. (1 0a-d)

T R PR -‘
, by | . a.
Wiy L=30 qu \Jl,a 1.,C, + L,1.,C, (a.7)

If wenow require that the removal and zero-ripple coupling conditions in Fq. (33) be satisfied, i.e.,

C,/Cy = D'/D and a = 1, then we get

ey G

e = Com gy (a.8)

which implies that % = Wf; = wy;. Hence, we conclude that, withthe removal condition satisfied, w;
must still be given as before since W, remains unchanged in the extreme limits of L, Furthermore,
@, will nowbe considerably higher because, with ¢, /C, - al)’/D) -_ O, qp~00 as canbe scerrin Bg.
{48d).1t follows that theremoval conditionderived earlier is still effective for very sinall values of /1.,

so that if we now choose

Cy= e 0y a557) 11 (= 8557,0)

the peaking at wg, must substantially dirainish. This is verifiedin Fig. 18. Any slight deviation from

the removal condition, will cause @, to decrease drastically allowing for the high-@) pole of the glitch to



show up without the benefit of a very closelv spaced high-Q zero t o counter its peaking. In what

follows, the approximatecontrol-to-outputtransfer function willbe determined for we, > wy;.

In the approximate control-to-output transfer in Eq. (50), Qg, we; and wyp must now be
redetermined for we; > wyy. All other paraimneters remain essentially the same. I bq. (47), Q, was
derived assuining that the dominant term in a, was L (Cy+4 (). Since L, is small now, that

assutnption is not valid except when a = 1 and (', - (',aD)/D' = 0. In this case, according to liq. (45)
] ] 2 2 b

we have

u}g

]
w ay - 5 -5
g1 "’)h (\r)h
i which @ is given by Eq. (49). "T'his cari be written as

Q= ayllay 1 ¢k 1l 9y (a.10)

in which ¢, and ¢, are given, as before, by kqs. (48a) (48b) respectively and q,and ¢y, are given by

- “) '

quQh L)g = ()h‘wh z wg (a.11)

It o

e w 1 ((, _4,1)>,]) (a.12)
g1 D) D

The high-frequency corner wyy, for small 1, is nearly independent of 1, and is now given by

L, 1L
- TR ] N _ [ & .13
T NV A eI W e (1)
al’2V o o’ ¢

S0 thatwy, is obtained from

W =- ! (a.14)

L.C ' .
14 - € vo -, "(;;7”])12
Wep T = L ,,,],'.19,,‘ ¢ 1,,” (2 PR B (i. 19)
' \JT"I( :1 A ("2) 14 ;t('g;y \J’]’m((/‘] 1 ("2)




Since wy; is still approximately given by the parallel resonance of 1, and (“1 4, inFig. 9, Q, is still
given by Iig. (39) as hefore. Since w(;, wyy, and Q; are all still given approximately as before, it follows
that @, is still approximately the same as before because from the high-frequency beha vior of D(s) we

have

by v 1 1

T T L (i10)
wh wen@n o Wi wala

by
Since all quantities in Eq. (a.16) except for Qg remain unchanged, it follows that j; remains
essentially unchanged. In Figs. 17 and 1 8 the dotied lines are the approximate transfer functions which

arcinvery good agrecrrient with the circuit, niodel.

Figure 19 shows how the magnitude response changes as the duty-cycle is decreased from
D= 42 inPig. 18 to D = .35. In the same figure, the phase response snows excessive phse shift because
of the complex right-half plane zero at f = 7.5kHz. I is possible to improve the phase repsonse by

damping ' as before and setting the time constant 74C 4y >~ 1/we; so that
rqg: 3002 and ¢y = lpb
The damped response is shown in Fig. 20
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a) The isolated Cuk converter with coupled input and output inductors. b) Reflection of the
secondary colnponenis to the primary. c) ldentificat jon of the PWM switch.
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Fig.2  The complete sinall-signal equivalent circuit 1miodel of the Cuk converter obtain by replacing

the PWM switch with its equivalent circuit miodel in continuous conduction Il 1ode.
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Fig 3. Equivalent circuit model for dc analysis a) without parasitic elements and b) with parasitic

clements
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I'ig. 4 a) The equivalent circuit model for the deterininatio n of the control-to- output transfer

function.b) The equivalent circuit modelin a) under the null condition in 1'1,2(8).




Fig. & The equivalent circuit model for the determiniation of I(s).

Table 1
Ly =25mH Cy=.33uF L, = 151111]
Ly=.66mH O, = 66uF = 4.333
k = 449 C,,=470/11 I, =15Q

vg = 270V ]"3 = 30kHz ) =3
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Fig. 6 The control-to-output transfer function of the Cuk converter with elements shown in T'able |
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Fig. 7 FElimination of the glitch from the control-to-output transfer function in Fig. 6 by satisfying

the removal condition in Eq. (32).
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Fig. 8 a) The behavior of the glitch for .258 < f) < .342 without satisfying theremoval condition

andb) with the removal condition satisfied at 1) = .3.
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Fig. 10 The coutrol-to-out put transfer function for > == .342 inthe presence of parasitic

elements for 1) = .342 with removal the removal condition satisfied a ) == .3.
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Fog. 11 Comparison of the approximate transfer function with the circuit model around the

glitch inFig. 10.
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Ilig. 13 a) Comparison of the approximate transfer function with the ¢ircuit 1 iodel when the

glitch is pushed near wyy and b) near w; .



(b)
Fig. 14 a) Damping of the energy transfer capacitor C';. b) The equivalent circuit miodel for

the determination of the damping of the high-frequency guadratic Dy (s).
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Fig. 15 The damped response for .258 < ) < .342 for a clioice of Cyq= 3ul” and r ;= 130092
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Fig. 19 Theundamped control-to-output transfer function as the dut,y-cycle chianges from 1) = .42

in Fig. 18 to D = .35
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Fig. 20 The damped control-to-output transfer function.



